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HIGHLIGHTS 


•  Electrochemical  performance  of  LiMn204  is  improved  by  Lao.7Sro.3Mno.7Coo.3O3  coating. 

•  3  wt.%  Lao.7Sro.3Mno.7Coo.3O3  coated  LiMn204  shows  excellent  cycling  stability. 

•  Outstanding  high  rate  capability  is  obtained  with  Lao.7Sro.3Mno.7Coo.3O3  coating. 

•  The  kinetics  of  electrodes  is  improved  by  Lao.7Sro.3Mno.7Coo.3O3  coating  layer. 
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LaojSro.3Mno.7Coo.303-coated  spinel  LiMn204  with  excellent  cycle  stability  and  high  rate  capability  is 
successfully  prepared  by  a  sol-gel  method.  The  3  wt.%  LaojSrojMnojCoojC^-coated  LiMn204  shows  the 
optimum  electrochemical  performance.  It  can  deliver  101  mAh  g-1  at  10  C  even  after  100  cycles  with  a 
capacity  retention  of  93.5%.  In  contrast,  the  bare  LiMn204  delivers  83.6  mAh  g-1  at  the  same  condition, 
only  84.5%  capacity  left.  The  rate  capability  of  3  wt.%  Lao.7Sro.3Mno.7Coo.303-coated  LiMn204  is  also 
obviously  enhanced,  especially  at  high  rates  (10  C,  20  C  and  30  C).  It  can  deliver  74.3  mAh  g-1  at  30  C 
which  is  much  higher  than  that  of  the  bare  sample  (47.2  mAh  g-1).  The  bare  and  coated  LiMn204  samples 
are  studied  with  various  techniques.  Both  powder  X-ray  diffraction  (XRD)  and  X-ray  photoelectron 
spectroscopy  (XPS)  measurements  demonstrate  the  existence  of  the  Lao.7Sro.3Mno.7Coo.3O3,  and  it  has  no 
influence  on  the  crystal  structure  of  the  pristine  LiMn204.  Transmission  electron  microscopy  (TEM) 
shows  that  Lao.7Sro.3Mno.7Coo.3O3  coating  layer  with  good  crystallinity  can  cover  the  surface  of  LiMn204 
to  form  a  core-shell  structure.  Electrochemical  impedance  spectroscopy  (EIS)  and  cyclic  voltammetry 
(CV)  demonstrate  that  the  coating  layer  can  improve  the  kinetics  of  electrodes. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Spinel  LiMn204  is  a  promising  cathode  material  due  to  excel¬ 
lent  voltage  profile  characteristics,  high  safety,  low  cost,  acceptable 
environmental  impact,  non-toxicity  and  easy  fabrication  [1-4]. 
However,  its  cycle  stability  and  rate  capability  are  still  poor  for 
practical  application.  The  poor  cycle  stability  is  mainly  ascribed  to 
the  slow  dissolution  of  manganese,  electrolyte  decomposition  and 
Jahn-Teller  distortion  [5,6  .  The  poor  rate  capability  is  related  to 
low  electronic  and  ionic  conductivity  of  pristine  LiM^CH,  as  well 
as  slow  diffusion  of  lithium  ions  at  the  cathode/electrolyte  inter¬ 
face  [7,8]. 
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Surface  modification  has  been  proved  to  be  an  effective 
approach  to  overcome  these  obstacles.  The  coating  layer  acts  as  not 
only  a  physical  protection  barrier  to  isolate  the  cathode  materials 
from  the  electrolyte,  but  also  an  HF  scavenger  to  decrease  the 
acidity  of  electrolyte  and  impede  the  manganese  dissolution  from 
LiMn204  [9].  Therefore,  the  coating  layer  can  help  to  achieve  good 
cyclability  during  the  charge-discharge  process,  as  well  as  sup¬ 
press  the  side  reactions  between  cathode  materials  and  electrolyte. 
Furthermore,  an  electronic  conductive  coating  layer  (electron¬ 
conducting  media)  that  facilitates  the  charge  transfer  can  also 
greatly  improve  the  discharge  capacity  and  rate  capability  at  high 
discharge  rates.  For  example,  Huang  et  al.  10]  found  that  a  silver 
coating  layer  greatly  enhanced  the  electronic  conductivity  and 
discharge  capacity  of  LiM^CH  at  8  C  and  10  C.  In  addition,  the 
perovskite-type  oxide  with  high  electronic  conductivity  is  also  a 
good  candidate  of  coating  materials.  Cui  et  al.  [11]  reported  that 
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Fig.  1.  X-ray  diffraction  patterns  of  (a)  sample-0,  (b)  sample-1,  (c)  sample-2,  (d) 
sample-3  and  (e)  sample-4,  inset:  partially  magnified  XRD  patterns  of  e. 

La0.7Sro.3Mn03  and  carbon  co-coated  LiFeP04  showed  high 
discharge  capacities  at  0.5  C  and  1  C.  Zhao  et  al.  [12]  also  proposed 
that  a  Lao.7Sro.3IN/InO3  coating  layer  effectively  enhanced  the  ther¬ 
mal  storage  and  rate  capability  of  LiNio.5Mn1.5O4. 

In  this  study,  the  perovskite-type  oxide  Lao.7Sro.3Mno.7Coo.3O3  is 
coated  on  the  surface  of  LiMn204  powders,  and  the  electrochemical 
performances  of  Lao.7Sro.3Mno.7Coo.303-coated  LiMn204  materials 
are  systematically  investigated. 

2.  Experimental 

Lao.7Sro.3Mno.7Coo.303-coated  LiMn204  samples  were  prepared 
by  a  sol-gel  process.  All  raw  materials  were  analytical-grade. 
La(N03)3-6H20,  Sr(N03)2-2H20,  Mn(N03)2-6H20  and  Co(N- 

03)2 -6H20  in  stoichiometric  amounts  were  dissolved  in  distilled 
water,  and  the  total  molar  concentration  of  all  metal  ions  is 
0.2  mol  L-1.  C6H807  H20  was  added  into  the  solution  as  complex- 
ation  agent,  and  its  molar  concentration  is  0.3  mol  L-1.  NH3  -H20 
was  used  to  adjust  the  pH  value  of  the  above  solution  to  3.  The 
obtained  solution  was  heated  at  60  °C  to  form  a  homogeneous  sol 
under  continuous  stirring.  Then  the  commercial  LiMn204  powders 
(Tianjin  Huaxia  Hongyuan  industrial  Co.,  ltd.)  were  added  into  the 
sol  and  stirred  vigorously  for  10  h.  The  amounts  of 
Lao.7Sro.3Mno.7Coo.3O3  in  the  sol  were  set  to  1,  2, 3  and  4  wt.%  of  the 


LiMn204  powders,  respectively.  After  drying  at  120  °C  for  10  h,  the 
resulting  mixture  was  calcined  at  400  °C  for  4  h  and  700  °C  for  10  h 
in  sequence  to  obtain  the  coated  LiMn204  cathode  materials.  The 
samples  with  about  1,  2,  3  and  4  wt.%  Lao.7Sro.3Mno.7Coo.3O3  were 
respectively  designated  as  sample-1,  2,  3,  4,  and  the  bare  LiMn204 
was  designated  as  sample-0. 

The  structure  properties  of  all  samples  were  investigated  by 
Powder  X-ray  diffraction  (XRD,  D/max  2500  V/PC,  Rigaku,  40  KV, 
150  mA)  using  Cu-Ka  radiation  (A  =  1.5405  A)  and  a  bent  graphite 
monochromatic  from  10°  to  80°  at  a  scan  speed  of  2°  min-1.  The 
morphologies  and  microstructures  of  the  samples  were  examined 
by  transmission  electron  microscopy  (TEM,  JEM-2100F,  JEOL 
200  KV).  The  surface  chemical  compositions  of  the  samples  were 
measured  by  X-ray  photoelectron  spectroscopy  (XPS,  AXIS  Ultra 
DLD,  Kratos)  using  Al  Ka  radiation  (1486.6  eV).  The  binding  en¬ 
ergies  were  calibrated  by  referencing  the  Cls  line  at  284.6  eV. 

Electrode  slurry  was  prepared  by  mixing  active  materials,  car¬ 
bon  black  and  polyvinylidene  fluoride  (PVDF)  at  a  weight  ratio  of 
8:1:1  in  N-methyl-2  pyrrolidine  (NMP)  solvent,  then  it  was  coated 
on  aluminum  foil  and  dried  at  120  °C  for  12  h  under  vacuum.  The 
dried  electrode  was  further  punched  into  round  disk  with  a 
diameter  of  1.2  cm  and  subsequently  rolled  into  a  thin  film  with  a 
thickness  of  32  pm.  The  amount  of  active  material  in  each  disk  is  the 
same.  The  coin  cells  (CR2032)  were  assembled  in  an  argon-filled 
glove  box  using  the  obtained  electrode  as  the  cathode,  lithium 
foil  as  the  counter  electrode  and  1  M  LiPF6  in  EC/DEC/EMC  (1 :1 :1  by 
volume)  as  the  electrolyte.  Then  the  cells  were  measured  by  a 
battery  testing  system  (CT2001A,  LAND)  between  3.0  and  4.3  V  at 
different  rates  (1  C  =  120  mA  g-1).  The  electrochemical  impedance 
spectroscopy  (EIS)  analysis  was  performed  on  an  electrochemical 
workstation  PARSTAT  2273  in  the  frequency  range  from  10  mHz  to 
100  kHz  and  an  ±5  mV  AC  signal.  Cyclic  voltammetry  (CV)  tests 
were  carried  out  between  3.0  and  4.3  V  vs.  Li/Li +  at  a  scan  rate  of 
0.1  mV  s-1  using  an  electrochemical  workstation  (CHI  600E). 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  the  bare  and  Lao.7Sro.3Mno.7- 
C00.3O3  coated  samples.  The  sharp  diffraction  peaks  in  Fig.  1 
demonstrate  that  all  the  samples  have  good  crystal  structure.  The 
XRD  patterns  of  all  samples  can  be  well  indexed  to  the  standard 
cubic  spinel  structure  with  Fd3m  space  group  (JCPDS  Card  No.  35- 
0782).  In  this  structure,  the  oxygen  ions  in  32e  sites  form  a  cubic 
closed-packed  lattice,  while  lithium  ions  and  manganese  ions 
respectively  occupy  the  tetrahedral  (8a)  sites  and  the  octahedral 
(16d)  sites.  The  adjacent  vacant  octahedral  (16c)  sites  form  a  three- 
dimensional  lithium  ions  diffusion  pathway.  However,  the  XRD 
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Fig.  2.  TEM  images  of  (a)  sample-0  and  (b)  sample-3  before  cycling. 
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patterns  for  sample-3  and  sample-4  also  present  some  weak  peaks 
of  a  second  phase  (marked  as  *).  The  amplified  pattern  in  the  20 
range  of  30-50°  for  sample-4  in  the  inset  of  Fig.  1  shows  the 
diffraction  peaks  of  (110),  (104)  and  (024)  for  Lao.7Sro.3Mno.7Coo.3O3, 
which  is  assigned  to  a  rhombohedral  structure  with  R3c  space 
group  [13  .  So  the  peaks  indicate  the  existence  of  Lao.7Sro.3Mno.7- 
C00.3O3  particles  in  the  composite.  With  increasing  the  amount  of 
Lao.7Sro.3Mno.7Coo.3O3,  the  diffraction  peaks  corresponding  to 
Lao.7Sro.3Mno.7Coo.3O3  become  stronger,  but  the  diffraction  peaks  of 


LiMn204  have  no  change.  Therefore,  Lao.7Sro.3Mno.7Coo.3O3  modi¬ 
fication  has  no  influence  on  the  spinel  structure  of  LiMn204. 

The  TEM  images  of  sample-0  and  sample-3  particle  before 
cycling  are  shown  in  Fig.  2.  Compared  with  the  smooth  surface  of 
sample-0  particle  in  Fig.  2a,  a  coating  layer  can  be  distinctly 
observed  on  the  surface  of  sample-3  particle  in  Fig.  2b.  Further¬ 
more,  the  inset  of  Fig.  2b  clearly  shows  the  lattice  fringe  patterns 
with  a  lattice  spacing  of  2.6  A  assigned  to  the  (110)  planes  of 
Lao.7Sro.3Mno.7Coo.3O3  crystallites,  which  confirms  that  the 


Fig.  3.  XPS  spectra  of  (a,  c,  e)  sample-0  and  (b,  d,  f)  sample-3,  (a,  b)  Lils  spectra;  (c,  d)  Mn2p  spectra;  (e,  f)  Ols  spectra. 
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Fig.  4.  XPS  spectra  of  sample-3,  (a)  La3d  spectrum;  (b)  Sr3d  spectrum;  (c)  Co2p  spectrum. 


Lao.7Sro.3Mno.7Coo.3O3  with  high  crystallinity  covers  the  surface  of 
LiMn204.  From  the  TEM  images,  we  could  infer  that  a  core-shell 
structure  is  formed,  which  benefits  to  improve  the  electrochemical 
performance  of  the  core  material  [9,14]. 

The  XPS  spectra  of  Lil  s,  Mn2p  and  01  s  for  sample-0  and  sample- 
3  are  given  in  Fig.  3.  The  Lils  peaks  at  binding  energies  of  54.12  eV 
(Fig.  3a)  and  54.18  eV  (Fig.  3b)  are  in  good  agreement  with  the 
signal  of  lithium  in  the  LiMn204  crystalline  network  [15  .  The  ex¬ 
istence  of  Lils  peak  in  sample-3  is  caused  by  the  inhomogeneous 


coating  layer  of  Lao.7Sro.3Mno.7Coo.3O3,  whose  thickness  varies 
within  a  certain  range.  So  it  is  possible  that  the  Lils  peak  can  be 
detected  in  the  thinner  zones  which  are  in  the  detection  range  of 
XPS  measurements.  The  XPS  spectra  of  Mn2p  can  be  decomposed 
into  two  components  (Mn2p3/2  and  Mn2pi/2)  due  to  the 
spin-orbital  splitting  [16  .  For  sample-0  (Fig.  3c),  the  observed 
values  of  the  binding  energies  for  Mn3+  are  641.39  eV  (Mn2p3/2) 
and  653.13  eV  (Mn2pi/2),  while  those  of  Mn4+  are  642.89  eV 
(Mn2p3/2)  and  654.56  eV  (Mn2pi/2).  For  sample-3  (Fig.  3d),  both  the 
peak  at  641.90  eV  (Mn2p3/2)  and  the  peak  at  653.10  eV  (Mn2pi/2) 
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Fig.  7.  Rate  capability  of  sample-0  and  sample-3  from  0.5  C  to  30  C  between  3.0  and 
4.3  V. 


are  assigned  to  Mn3+,  and  the  other  peaks  at  643.26  eV  (Mn2p3/2) 
and  654.47  eV  (Mn2pi/2)  correspond  to  the  Mn4+  [17  .  After 
coating,  the  peaks  of  Mn2p3/2  for  sample-3  both  shift  toward  the 
higher  binding  energies,  which  is  caused  by  the  manganese  in  the 
Lao.7Sro.3Mno.7Coo.3O3  coating  layer.  The  Ols  spectra  (Fig.  3e  and  f) 
indicate  there  exist  two  different  kinds  of  oxygen  species  in  the 
samples.  The  peaks  at  529.81  eV  (Fig.  3e)  and  529.80  eV  (Fig.  3f)  can 
be  attributed  to  lattice  oxygen,  while  the  other  peaks  at  531.05  eV 
(Fig.  3e)  and  531.29  eV  (Fig.  3f)  are  ascribed  to  oxygen  adsorbed  at 
the  surface  18,19].  The  calculated  atom  ratio  of  adsorbed  oxygen  to 
lattice  oxygen  in  sample-3  is  higher  than  that  in  sample-0.  More¬ 
over,  the  change  of  binding  energy  for  adsorbed  oxygen  (0.24  eV)  is 
larger  than  that  of  lattice  oxygen  (0.01  eV)  after  coating.  So  the 
coating  layer  has  a  large  influence  on  the  oxygen  chemisorption 
state  on  the  surface  of  sample-3  [20  . 

For  sample-3,  the  XPS  spectra  of  La3d,  Sr3d  and  Co2p  can  also  be 
observed.  The  characteristic  binding  energy  at  834.48  eV  in  Fig.  4a 
can  be  assigned  to  La3ds/2  [21  .  The  peak  around  134.47  eV  in 
Fig.  4b  corresponds  to  Sr3ds/2  22].  The  main  peak  at  778.38  eV  in 
Fig.  4c  agrees  with  that  of  Co2p3/2  [23  .  So  the  existences  of  La,  Sr 
and  Co  elements  on  sample-3  surface  can  be  confirmed  by  the 
above  spectra.  From  the  differences  of  the  XPS  spectra,  we  can  infer 
that  a  new  substance  is  formed  on  the  LiM^C^  surface,  which  has 
been  confirmed  to  be  Lao.7Sro.3Mno.7Coo.3O3  by  XRD  results. 


Fig.  5  presents  the  initial  charge-discharge  curves  of  all  samples 
at  0.2  C.  The  initial  discharge  capacity  of  sample-0  is  112  mAh  g-1, 
while  those  of  sample-1,  sample-2,  sample-3  and  sample-4  are  118, 
120,  123,  and  104  mAh  g^1  in  sequence.  Obviously,  the  discharge 
capacities  of  coated  samples,  except  sample-4,  are  higher  than  that 
of  sample-0.  So  a  moderate  surface  coating  amount  can  help  to 
deliver  a  higher  discharge  capacity  due  to  the  high  electronic 
conductivity  of  Lao.7Sro.3Mno.7Coo.3O3.  As  Lao.7Sro.3Mno.7Coo.3O3  is 
inactive,  the  excess  coating  amount  can  lower  the  lithium  ions 
diffusion  at  the  interface  of  electrode/electrolyte  [24].  Thus, 
sample-4  shows  a  poor  electrochemical  performance. 

According  to  the  corresponding  reports  [25  ,  both  the  insertion 
and  the  extraction  of  lithium  ions  proceed  in  terms  of  the  following 
two  reversible  reactions: 

-1  1  discharge 

-Li+  +  -e  +  2X  -  Mn02  ;  Li0  5Mn204 

2  2  charge 

1  1  discharge 

J.i+  +  ^ e  +  Li0  5Mn204  <  LiMn204 

2  2  charge 

The  reversible  Mn3+/Mn4+  redox  reactions  above  occur 
concurrently.  All  our  samples  distinctly  show  two  characteristic 
voltage  plateaus  of  well  defined  spinel  LiMn204  approximately  at 
4.1  and  4.0  V,  which  suggests  Lao.7Sro.3Mno.7Coo.3O3  coating  layer 
has  no  influence  on  the  intrinsic  properties  of  LiMn204.  Hence,  the 
surface  coating  can't  change  the  crystal  structure  of  LiMn204,  but  it 
can  help  to  improve  charge-discharge  properties.  The  results  can 
be  further  supported  by  the  following  tests. 

The  cycle  performances  of  all  samples  are  further  compared  in 
Fig.  6.  The  cells  are  charged  at  1  C  and  discharged  at  10  C  for  100 
cycles.  The  discharge  capacity  of  sample-0  decreases  from  99.0  to 
83.6  mAh  g_1  after  100  cycles  with  a  capacity  retention  of  84.5%.  In 
contrast,  the  coated  samples  respectively  exhibit  initial  discharge 
capacities  of  102, 106, 108  and  90.0  mAh  g-1  at  10  C,  and  the  cor¬ 
responding  capacity  retentions  are  86.0%,  86.5%,  93.5%  and  87.8%  in 
sequence  after  100  cycles.  Obviously,  all  the  coated  samples  display 
more  excellent  cycle  performance  than  the  bare  one,  and  sample-3 
shows  the  highest  discharge  capacity  and  capacity  retention  among 
the  five  samples. 

According  to  the  previous  reports  5,26],  the  capacity  fading  of 
LiMn204  is  mainly  caused  by  manganese  dissolution  into  the 
electrolyte  from  the  active  materials  during  extensive  cycling  due 
to  the  existence  of  HF  in  the  electrolyte.  So  we  think  that 
Lao.7Sro.3Mno.7Coo.3O3  coating  layer  can  effectively  suppress  the 
manganese  dissolution  12,27]  by  preventing  the  direct  contact 


Fig.  8.  (a)  The  EIS  plots  of  sample-0  and  sample-3,  inset:  the  equivalent  circuit  for  EIS  results  fitting,  and  (b)  the  relationship  between  7!  and  oj  1/2  in  low  frequency. 
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Fig.  9.  C V  curves  between  3.0  and  4.3  V  with  a  scan  rate  of  0.1  mV  s_1  of  (a)  sample-0  and  (b)  sample-3. 


between  bulk  LiMn204  and  HF  in  electrolyte.  Correspondingly,  the 
cycle  performance  is  improved. 

Fig.  7  shows  the  rate  capabilities  of  sample-0  and  sample-3.  The 
cells  are  first  cycled  at  0.5  C,  then  charged  at  1  C  and  discharged  at 
1  C,  3  C,  5  C,  10  C  and  30  C,  respectively,  and  finally  cycled  at  0.5  C 
again  (five  times  at  each  rate).  Sample-3  visibly  exhibits  much 
better  rate  capability  than  sample-0  at  any  rates,  especially  at  high 
rates  (10  C,  20  C  and  30  C).  The  discharge  capacities  of  sample-0  and 
sample-3  at  0.5  C  are  similar,  which  are  113  mAh  g'1  and 
118  mAh  g-1,  respectively,  but  the  discharge  capacity  of  sample- 
0  decreases  much  more  rapidly  than  that  of  sample-3  with 
increasing  the  discharge  rate.  Sample-3  can  deliver  74.3  mAh  g-1  at 
30  C  which  is  63.0%  of  the  initial  capacity  at  0.5  C,  but  the  discharge 
capacity  of  sample-0  at  30  C  is  only  47.2  mAh  g'1  which  is  41.8%  of 
the  initial  capacity  at  0.5  C.  The  capacity  recovery  after  30  C  for 
sample-3  is  nearly  97.4%,  which  is  also  higher  than  that  of  sample- 
0(96.1%). 

The  better  rate  capability  can  still  be  accounted  for  the  high 
electronic  conductivity  of  Lao.7Sro.3Mno.7Coo.3O3  (about  100  S  cm-1) 
[7,8,12].  Because  the  coating  layer  can  not  only  reduce  the  inter¬ 
particle  resistance  and  facilitate  heterogeneous  charge  transfer 
process  on  the  cathode  surface,  but  also  provide  the  extra  electron¬ 
conducting  pathways  among  the  particles  as  well  as  between  the 
current  collector  and  the  material  particles  [9]. 

Fig.  8  displays  the  Nyquist  plots  of  sample-0  and  sample-3  after 
50  cycles  (charged  at  1  C  and  discharged  at  10  C).  The  equivalent 
circuit  is  also  shown  in  the  inset  of  Fig.  8a.  All  the  spectra  in  Fig.  8a 
are  composed  of  two  depressed  semicircles  in  the  high-to-medium 
frequency  and  an  inclined  line  in  the  low  frequency.  The  high  fre¬ 
quency  intercept  at  the  real  axis  corresponds  to  the  ohmic 


resistance  (Re)  of  the  cell,  mainly  contributed  from  the  electrolyte. 
The  high-frequency  depressed  semicircle  is  attributed  to  the 
resistance  of  lithium  ions  migration  through  surface  layers  (ftf)  [28]. 
The  medium-frequency  depressed  semicircle  originates  from  the 
charge  transfer  resistance  (ftct)  between  inter-particles  [29  .  The 
inclined  line  is  related  to  the  Warburg  impedance  ( Rw )  [30]. 

The  diffusion  coefficient  DLi+  is  calculated  according  to  the 
following  equation  [20,31]: 


Li+  2A2n4f4c2ff2 

where  R  is  the  gas  constant  (8.314  J  mol”1  K-1),  T  is  the  temperature 
(298.15  K),  A  is  the  surface  area  of  the  electrode,  n  is  the  number  of 
shifted  electrons,  F  is  the  Faraday  constant  (96,500  C  mol-1 ),  c  is  the 
molar  concentration  of  lithium  ions,  and  a  is  the  Warburg  coeffi¬ 
cient  which  can  be  obtained  from  the  plot  slope  of  7!  vs.  to~1/2  (the 
reciprocal  root  square  of  the  lower  angular  frequencies)  [11,31  .  The 
corresponding  plots  of  7!  vs.  to  are  shown  in  Fig.  8b. 

The  equivalent  circuit  parameters  Re ,  Rf  and  Rct  are  also  calcu¬ 
lated,  which  are  1.462  Q,  19.01  Q  and  4.499  Q  for  sample-0  and 
1.382  Q,  9.885  Q  and  4.046  Q  for  sample-3,  respectively.  The 
calculated  resistances  of  sample-3  are  all  smaller  in  comparison 
with  those  of  sample-0,  which  indicates  the  coating  layer  can 
reduce  the  electrodes'  resistances  and  improve  their  kinetics, 
resulting  in  the  excellent  high  rate  capability  of  sample-3  [7,28]. 
The  Du+  value  of  sample-3  is  2.15  x  10~10  cm2  s_1  which  is  higher 
than  that  of  sample-0  (1.38  x  10~10  cm2  s-1).  The  result  above  in¬ 
dicates  that  Lao.7Sro.3Mno.7Coo.3O3  coating  layer  can  facilitate 


Fig.  10.  TEM  images  of  (a)  sample-0  and  (b)  sample-3  after  50  cycles. 
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lithium  ions  diffusion  at  the  interface,  which  is  also  beneficial  to 
improve  the  rate  capability. 

The  CV  curves  of  sample-0  and  sample-3  after  activated  at  0.1  C 
are  presented  in  Fig.  9.  The  first  three  consecutive  CVs  of  both 
samples  show  the  similar  couples  of  well-defined  redox  peaks  of 
the  spinel  LiMn204  [13  .  After  50  cycles  at  10  C,  the  CV  peaks  related 
to  sample-0  become  much  broader  compared  to  the  peaks  of 
sample-3,  which  suggests  the  kinetics  of  sample-0  is  much  slower 
than  that  of  sample-3  [28  .  The  CV  results  correlate  well  with  the 
EIS  results.  In  addition,  the  relative  intensities  of  major  redox  peaks 
for  sample-0  decrease  much  more  sharply  than  those  of  sample-3, 
which  means  that  the  Lao.7Sro.3Mno.7Coo.3O3  coating  layer  is 
beneficial  to  maintain  the  stable  electrochemical  performance  of 
LiMn204.  Additionally,  the  small  reduction  peaks  appeared  at  about 
3.3  V  in  the  CVs  are  related  to  the  formation  of  double  hexagonal- 
type  layers,  which  corresponds  to  the  reversible  migration  of 
manganese  ions  from  16d  to  16c  sites.  Hence,  Lao.7Sro.3Mno.7Coo.3O3 
coating  layer  cannot  suppress  the  spinel-to-double  hexagonal 
phase  transition  [5  . 

TEM  images  of  sample-0  and  sample-3  after  50  cycles  (charged 
at  1  C  and  discharge  at  10  C)  are  given  in  Lig.  10.  Lor  cycled 
sample-3  particle  (Lig.  10b),  the  Lao.7Sro.3Mno.7Coo.3O3  coating 
layer  with  lattice  fringes  of  (024)  planes  can  still  be  visibly 
observed  on  LiMn204  surface,  which  indicates  that  the 
Lao.7Sro.3Mno.7Coo.3O3  coating  layer  can  effectively  protect  the  bulk 
LiMn204  from  electrolyte  attack.  However,  the  smooth  surface  of 
sample-0  particle  (Lig.  2a)  has  become  microscopically  rough 
(Lig.  10a)  after  cycling,  which  suggests  that  sample-0  surface  has 
been  damaged  during  charge/discharge  processes  [32  .  So  we  infer 
that  Lao.7Sro.3Mno.7Coo.3O3  can  successfully  act  as  a  physical  pro¬ 
tection  layer  to  restrain  the  reactions  between  LiMn204  and 
electrolyte  [9,20].  Consequently,  the  existence  of  Lao.7Sro.3Mno.7- 
C00.3O3  coating  layer  can  help  to  enhance  the  structure  stability  of 
LiMn204  during  cycling,  which  finally  leads  to  the  excellent  cycle 
stability  of  sample-3. 


4.  Conclusions 

Lao.7Sro.3Mno.7Coo.303-coated  LiMn204  materials  with  a  core — 
shell  structure  exhibit  enhanced  cycle  stability  at  high  discharge 
rate  and  excellent  high  rate  capability.  The  3  wt.%  Lao.7Sro.3Mno.7- 
Coo.303-coated  LiMn204  gives  the  highest  discharge  capacity  and 
excellent  rate  capability,  whose  capacity  retention  retains  93.5% 
even  after  100  cycles  at  10  C  between  3.0  and  4.3  V.  The  improved 
electrochemical  performance  can  be  attributed  to  the  stable 
Lao.7Sro.3Mno.7Coo.3O3  coating  layer  which  can  enhance  the  elec¬ 
tronic  conductivity,  prevent  the  direct  contact  between  bulk 
LiMn204  and  HE  in  electrolyte  and  improve  the  kinetics  of  elec¬ 
trodes.  Therefore,  the  Lao.7Sro.3Mno.7Coo.3O3  coating  is  an  effective 


way  to  overcome  the  existed  obstacles  of  LiMn204  (poor  cycle 
stability  and  rate  capability)  for  the  practical  application. 
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